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MICROGLIAL ORIGIN AND FUNCTION 

Microglial cells originate from precur- 
sor cells located in the yolk sac that 
migrate into the developing central ner- 
vous system (CNS) around E8.5-10 in 
mice. Considering their origin, microglial 
cells could be regarded as invaders of the 
CNS in charge of debris clearance, just 
active during brain injury, infection or 
degeneration. In adulthood and under cer- 
tain conditions, monocytes may penetrate 
the blood brain barrier, reach the CNS and 
become non-resident brain macrophages. 
CNS infiltrating-macrophages are difficult 
to distinguish from resident microglial 
cells and it is not clear the grade of func- 
tional similarity between these two types 
of cells (Prinz and Mildner, 2011; Gomez 
Perdiguero et al, 2013). Interestingly, 
microglial cells are able to self-renew inde- 
pendently of circulating monocytes or 
bone marrow hematopoietic stem cells 
(Ajami et al, 2007; Elmore et al., 2014), 
and show a specific molecular signature 
(Butovsky et al., 2014). Moreover, dur- 
ing the last decade microglial cells have 
been demonstrated to be involved in 
normal brain development and function 
while maintaining a, previously assumed, 
"resting" state (Pont-Lezica et al., 2011; 
Tremblay et al., 2011; Valero et al., 
2012). Thus, microglial cells cannot be 
considered just as macrophages. 

THE ACTIVELY "RESTING" MICROGLIA 
AND THEIR INTERACTION WITH 
NEURONS 

The healthy brain is continuously under 
the active surveillance of a dynamic 
network of microglial processes. These 



processes have been shown to per- 
manently protrude and retract, and 
to physically interact with neuronal 
synapses to modulate synaptic plasticity. 
Microglia phagocytic control of synaptic 
pruning is mediated by the comple- 
ment pathway (Schafer et al., 2012) and 
fractalkine signaling (Paolicelli et al., 
2011). Furthermore, microglia also reg- 
ulate synaptic plasticity by the release 
of diffusible molecules like the brain- 
derived neurotrophic factor (Parkhurst 
et al., 2013) or the coactivator of synap- 
tic NMDA receptors D-serine (Scianni 
et al., 2013). Therefore, microglial cells 
are able to modulate neuronal function 
in several ways. Importantly, this is not 
a unidirectional path of communication, 
but a dialog between microglia and neu- 
rons (Saijo and Glass, 2011; Eyo and Wu, 
2013). As a clear example, the chemokine 
fractalkine (constitutively expressed by 
neurons), and its receptor (CX3CR1, 
mainly present in microglial cells), par- 
ticipate in the modulation of hippocampal 
synaptic pruning and function (Paolicelli 
et al, 2011; Scianni et al, 2013; Zhan 
et al., 2014). Fractalkine/CX3CR1 axis is 
better known to be involved in keeping 
microglia in their "resting" surveillance 
state (Sheridan and Murphy, 2013; Wolf 
et al, 2013). Thus, fractlakine/CX3CRl 
system represents a clear example of 
mutual functional regulation between 
neurons and microglia. Moreover, there 
are other pairs of neuronal ligands and 
microglial receptors which mediate com- 
munication between these two elements 
of the CNS: the neuronal surface proteins 
CD200, CD47, and CD22 that bind to the 



microglial receptors CD200R, CD 172, and 
CD45, respectively (Biber et al, 2007). 

Microglial cells show regional differ- 
ences in the brain in terms of density, 
molecular characteristics, morphology, 
and responsiveness (Olah et al, 2011; 
Butovsky et al, 2014). All microglial 
cells express the colony-stimulating fac- 
tor receptor (CSF1R), which is required 
for their development. Interleukine-34, a 
ligand of CSF1R, is mainly expressed by 
neurons in specific regions of the brain 
(cortex, hippocampus, striatum, and ante- 
rior olfactory nucleus) where it promotes 
microglial survival (Greter et al., 2012; 
Wang et al., 2012). Similarly, high levels of 
fractalkine expression have been found in 
neurons of the amygdala, striatum, globus 
pallidus, thalamus, olfactory bulb, hip- 
pocampus, and cerebral cortex (Tarozzo 
et al, 2003; Kim et al, 2011). Fractalkine 
is also expressed by astrocytes at lower 
levels (Hulshof et al., 2003; Sunnemark 
et al., 2005). Interestingly, the specific 
molecular signature of adult microglia is 
dependent on the presence of the trans- 
forming growth factor-f5 (TGF-f5) which is 
expressed at low levels by neurons and glial 
cells (Butovsky et al, 2014). Therefore, 
neurons, by producing different levels of 
the aforementioned molecules, may be 
responsible of the regional characteristics 
and heterogeneity of microglial cells. 

MICROGLIAL CELLS IN THE ABSENCE 
OF NEURONS 

Taking into account previous data, it seems 
clear that neurons are active modulators 
of microglial functional state and could 
be responsible for microglial regional 
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differences. Considering that, under nor- 
mal conditions, neurons shape microglial 
cells and that the main role of microglia 
is the functional modulation and main- 
tenance of neurons, an important ques- 
tion emerges: does it make sense to talk 
about microglia in the absence of neurons? 
Indeed, this question can be re-formulated 
as: do microglial cells retain their identity 
in the absence of neurons? If we consider 
that the interaction with neurons is crucial 
for the definition of microglia, the answer 
seems to be clear. Our opinion paper aims 
to provoke reflection and is in no way 
intended to despise the value of prior stud- 
ies that, using isolated microglial cells or 
cell lines, have contributed to the current 
knowledge of microglial cell biology. 

It is important to note that isolated 
microglia do not display, in cell cultures, 
the highly ramified structure that is typ- 
ically observed in the normal, healthy 
CNS. Ex vivo microglial cells analyzed 
immediately upon isolation resemble reac- 
tive amoeboid microglia, probably due to 
the isolation process itself. Nevertheless, 
this activation seems to wane with time 
and cell passages, reaching an approxima- 
tion to the typical "resting" morphology. 
Immortalized microglial cell lines are an 
alternative to the use of primary microglial 
cell cultures, which are costly and time 
consuming. Several microglial cell lines 
derived from rat (HAPI), mouse (BV2, 
N9, EOC), and also human (HM06), 
have been used. These cell lines exhibit 
characteristic microglial/macrophage cell 
markers and behaviors (cytokine release, 
migration, and phagocytosis) in the pres- 
ence of endotoxins such as the gram- 
negative bacteria lipopolysaccharide (LPS, 
Figure 1). However, the immortalization 
renders these cells different from primary 
microglia; in terms of molecular expres- 
sion (Butovsky et al., 2014), morphology, 
proliferation, and adhesion (reviewed in 
Stansley et al., 2012). 

FILLING THE GAP BETWEEN IN VITRO 
AND IN VIVO MICROGLIA 

It still remains to be elucidated whether 
isolated microglial cells of in vitro systems 
behave as proper microglia. The impor- 
tance of this question probably depends 
on the parameters to be evaluated, e.g., 
in the absence of direct contact with neu- 
rons these cells will fail to develop some 



specific characteristics of microglial cells. 
The obvious solution for the aforemen- 
tioned problem is the use of co-culture 
systems in which microglial cells and neu- 
rons co-exist. Again, the regional origin of 
microglial and neuronal cells may influ- 
ence their interaction and should be taking 
into account when inferring general mech- 
anisms. Nevertheless, some studies require 
the use of isolated microglia. As previ- 
ously mentioned, neurons release several 
factors that regulate microglial state. The 
use of the adequate combination of these 
factors in cell culture could contribute to 
the reduction of the gap between in vivo 
and in vitro systems, even in the absence of 
neurons. On this respect, we have investi- 
gated the effects of treating N9 microglial 
cells with soluble fractalkine in basal con- 
ditions or after activation with LPS. We 
observed that N9 cells expressed CX3CR1 
mRNA and protein using quantitative real 
time PCR (not shown), immunofluores- 
cence (Figure 1A) and western blotting 
(Figure IB). Interestingly, in basal and 
LPS conditions fractalkine induced N9 
cells to acquire a more ramified morphol- 
ogy (Figure 1C). Fractalkine treatment 
also increased the number of phagocyt- 
ing (Figures 1D-F) and migrating N9 cells 
(Figures 1G,H). Furthermore, fractalkine 
was also able to reduce the expression of 
interleukin-lfi (IL-lf5) and tumor necro- 
sis factor-a (TNF-a) mRNAs induced by 
LPS treatment (Figures 1IJ) while main- 
taining elevated levels of phagocytic and 
migratory activity in N9 cells. Fractalkine 
has a clear role in shaping microglial 
cells, evident at the morphological, func- 
tional and molecular levels. This role 
could be carried out by the membrane 
bound or even the constitutively cleaved 
fractalkine in vivo, keeping the cells in an 
alerted but relatively latent state (Sheridan 
and Murphy, 2013; Wolf et al, 2013). 
Thus, the lack of fractalkine in isolated 
microglial cultures is a possible reason 
for the lack of "surveying"-like microglial 
phenotype observed in these systems. 
Our data suggest that supplementation of 
microglial culture media with fractalkine 
may serve to shorten the gap between 
the typical morphology and behavior of 
microglia that is observed in vivo ver- 
sus displayed in most in vitro models. 
Nevertheless, the addition of fractalkine to 
cell cultures is far from being a definitive 



solution. Therefore, this idea could be 
extended to the use of the adequate com- 
bination of microglial modulating fac- 
tors released by neurons and/or macroglial 
cells. Butovsky et al. (2014) observed that 
adult microglia cultured in the presence 
of MCSF (macrophage colony-stimulating 
factor) and TGF-fU showed a molecular 
expression pattern similar to freshly sorted 
adult microglia. Nevertheless, treatment of 
N9 and BV2 cells with these factors did not 
induce the expression of such microglial 
molecular pattern (Butovsky et al., 2014), 
indicating the limitations of microglial cell 
lines. Thus, further research should be 
done to identify and define the individual 
contribution and combined effect of dif- 
ferent factors to maintain the functional 
and molecular characteristics of microglial 
cells. 

We must assume that the perfect 
in vitro system is just a Utopia. By def- 
inition, in vitro microglia systems will 
never reach the complexity of in vivo 
ones, but in turn will allow the study 
of some aspects of microglial biology 
that are masked by surrounding factors 
(e.g. by the presence of neurons and/or 
macroglial cells). Thus, some intrinsic 
characteristics of microglia can be eas- 
ier analyzed in vitro, like the molecu- 
lar mechanisms involved in phagocytosis, 
cell migration, transcriptional control, and 
metabolic functioning. In the other way 
around, the analysis of complex systems 
can mask particular aspects of its indi- 
vidual components (microglial cells), but 
lead to the discovery of new mechanisms 
and functionalities that emerge from the 
interaction of the parts (e.g., microglial 
regulation of synaptogenesis). However, 
even in vivo experimental designs, due to 
the need of controlling as many variables 
as possible and to the use of experimen- 
tal manipulations, are normally far from 
the complexity of natural systems. Thus, 
we should be cautious when trying to 
predict, from our particular experimen- 
tal systems, the features and behavior of 
microglial cells in their natural milieu (a 
CNS integrated into a full alive organism, 
which is also influenced by its surrounding 
environment). 

CONCLUSIONS 

Our initial question could be seen just 
as a mere language issue related to how 
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FIGURE 1 | Soluble fractalkine changes morphology and behavior of N9 
microglial cells. (A) Confocal microscopy image of N9 microglial cells 
expressing CX3CR1 (green, rabbit anti-CX3CR1 , eBioscience). Cell nuclei 
were stained with Hoechst 33342 (blue, Life Technologies). Almost all N9 
cells in basal culture conditions showed expression of CX3CR1. (B) Western 
blotting of 50|ig whole cell extracts from N9 cells showing the previously 
described pattern (Yang et al., 2007). (C) Representative confocal images of 
N9 microglial cells stained for CD11 b (green, rat anti-CD11 b, AbD Serotec), 
filamentous actin (red, phalloidin-Alexa Fluor® 594 conjugate, Life 
Technologies) and Hoechst 33342 (blue). In basal (control) conditions N9 
microglial cells showed different morphologies (from bipolar to ramified). 
Treatment of N9 cells with fractalkine chemokine domain (Fkn, 6h, 
200ng/ml, Sigma-Aldrich) induced the adoption of a ramified morphology by 
N9 cells characterized by thin filopodia-like structures (arrowheads). As 
expected, lipopolysaccharide treatment (LPS, 6h, 100ng/ml, from Escherichia 
coli, Sigma-Aldrich) induced swelling, loss of ramified morphology and the 
appearance of thick membrane protrusions ("ruffles," arrows) in N9 microglia. 
In the presence of both LPS and Fkn, N9 cells displayed an intermediate 
morphology showing "ruffles" and filopodia-like structures. (D) 
Representative epifluorescence/phase contrast images of N9 cells (cell nuclei 
stained with Hoechst 33342, blue) in the presence of beads (2 x 10 6 



beads/well, Sigma-Aldrich) coated with IgG from rabbit serum 
(Sigma-Aldrich). Due to the protocol used (for details check: Ferreira et al., 
2011) phagocyted beads were not stained (arrows) while non-phagocyted 
beads showed red fluorescence (Alexa Fluor® 594 donkey anti-rabbit IgG, 
Life Technologies). (E) LPS treatment (6 h) led to an increase in the total 
number of phagocyted beads. Incubation with Fkn (6h) just slightly reduced 
the percentage of beads phagocyted by LPS treated N9 cells. (F) LPS and 
Fkn treatments (6h) increased the proportion of phagocyting cells. (G,H) A 
scratch wound assay was carried out to analyse N9 migratory activity (for 
details see: Ferreira et al., 2012) based on the mean number of cells that 
moved into the wound after 12 h. (G) Phase-contrast representative images 
of the scratch wound assay. (H) Co-incubation of N9 cells with LPS and Fkn 
resulted in a greater migratory induction than that elicited by LPS treatment 
alone. (I) IL-1 p and (J) TNF-a mRNA expression in N9 cells was increased in 
the presence of LPS (4h). Importantly Fkn treatment downregulated the 
increase in IL-1 p and TNF-a mRNAs induced by LPS. All scale bars = 50 |im. 
Data are presented as mean ± s.e.m. (E,EH): **p < 0.01 and ***p < 0.001 
vs. respective condition without Fkn, **p < 0.01 and * m p < 0.001 vs. control 
condition (2-Way ANOVA and Bonferroni's post-hoc test). (I,J): **p < 0.01 and 
*"p < 0.001 vs. control condition, # p < 0.05 and ### p < 0.001 vs. LPS (Pair 
Wise Fixed Reallocation Randomization Test©, Pfaffl et al., 2002). 



we define "microglia": (1) based on 
their intrinsic properties or (2) based on 
the specific characteristics that emerge 
through their interaction with other 



elements of the CNS. We consider that 
microglia are defined by these two aspects 
of their biology and that one influences 
the other. As an example, the constitutive 



expression of CX3CR1 by microglial cells, 
an intrinsic property shared with other 
macrophages, allows them to be shaped 
by neuronal fractalkine. As previously 
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mentioned, the binding of fractalkine to 
its receptor controls microglial surveil- 
lance state but also mediates their role 
on the modulation of synaptic func- 
tion, a specific characteristic that emerges 
through their interaction with neurons. 
Therefore, the study of intrinsic features 
(maybe shared with other cell types) and 
specific characteristics of microglia that 
emerge through their interaction with 
other components of the CNS are equally 
important to understand the nature of 
these cells. Obviously, these two ways 
of studying microglia will benefit in dif- 
ferent grades from distinct experimental 
approaches, ranging from the examination 
of isolated cells in vitro to their analy- 
sis in their natural environment in vivo. 
Again, we will just need to be careful 
when generalizing or directly translat- 
ing our observations from one to another 
level of biological complexity. These con- 
siderations will be specially relevant for 
the development of strategies aimed to 
use microglial cells as cell therapeutic 
agents. 
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